Abstract: A multicorrugation-pitch-modulated (MCPM) distributed-feedback semiconductor laser is experimentally demonstrated for the first time to achieve stable single longitudinal mode (SLM) performance. The MCPM structure was equivalently realized based on a sampled grating using reconstruction equivalent chirp (REC) technology. The proposed REC-MCPM structure can effectively flatten the optical intensity distribution along the laser cavity, leading to the strong suppression in spatial hole burning. In addition, the REC-MCPM grating structures can be readily fabricated using conventional holographic lithography combined with low-cost standard micrometer-level photolithography. A proofof-principle study both in a simulation and an experiment is presented in this paper. The fabricated 400-m-long REC-MCPM semiconductor laser shows very good SLM performance with SMSRs being more than 42 dB under test conditions of a large injection current range (up to 300 mA) and different ambient temperatures.
Introduction
The distributed feedback (DFB) semiconductor laser is one of the most widely used optical sources for its exclusive performance and compact size. Usually, the grating structure of a DFB laser need to be well designed to achieve stable single-longitudinal-mode (SLM) operation. The most common structure is the quarter-wavelength-shifted (QWS) grating DFB lasers, which exhibit good SLM performance [1] . However, modal instabilities have often been observed because of the spatial-hole-burning (SHB) effect at high injection current [2] , [3] , which degrades the performance of the lasers. To suppress the SHB effect, a variety of complicated grating structures have been proposed, such as corrugation-pitch-modulated (CPM) DFB lasers [4] , distributed coupling coefficients (DCC) DFB lasers [5] , multiple-phase-shift (MPS) DFB lasers [6] , [7] , and so on. Recently, multiple-CPM (MCPM) grating DFB lasers, which contain three CPM sections located along the longitudinal cavity, have been proposed and numerically investigated to further improve SLM performance [8] . The simulation results [8] indicate the MCPM DFB lasers have stronger ability to suppress the SHB effect and to maintain stable SLM operation compared with other approaches. However, in such an MCPM structure, the grating pitches in the CPM sections are different from that in non-CPM sections, and all the differences among multiple sections are required to be extremely small and accurate to produce desired distributed phase shifts. Thus it will be a rather challenging work to fabricate the complicated waveguide gratings with diverse grating pitches in the MCPM structure. In addition, experimental confirmation of MCPM DFB lasers is still highly required besides the prior simulation work. Most importantly, as well as other advanced performance DFB lasers with complicated structures, it is highly demanded that such reported three-CPM DFB lasers should be fabricated by commercial manufacturing methods with low cost, from the viewpoint of practicality.
In our previous work [9] , we introduced the Reconstruction-Equivalent-Chirp (REC) technology [10] - [12] to equivalently realize the MCPM grating that can improve the SLM performance. The proposed REC-MCPM grating is an equivalent structure of the conventional MCPM grating that can suppress the SHB effect, the accuracy requirements for its realization however, is significantly relaxed. Such an REC-MCPM grating structure is formed based on a sampled Bragg grating with uniform seed grating pitch, and the sampling periods of the CPM regions are different from that of the non-CPM regions. Hence, the sampled Bragg grating can be defined by conventional holographic lithography combined with micrometer-level photolithography, since the seed grating is uniform, which offers the advantages of flexibility, high throughput and low-cost. Our previous work mainly focuses on the proposal of such a new concept however, further study in the static characteristics of REC-MCPM lasers and their SHB effect at high injection current is still highly required.
In this work, a proof-of-principle study both in simulation and experiment is presented. The simulation results showed the superiority of REC-MCPM lasers in reducing SHB effect and keeping SLM stability compared with the other two types of lasers, i.e., REC-CPM lasers and REC-3PS lasers, and the experimental results indeed showed good SLM performance can be maintained even under operation condition of high injection current. To the best of our knowledge, this is the first time of experimental demonstration of MCPM DFB lasers.
Principle and Simulation

REC-MCPM Grating Structure and Transmission Spectrum
The schematics of conventional real MCPM grating structure and the proposed REC-MCPM grating structure are shown in Fig. 1 . In a real MCPM structure, the three CPM sections, where the grating pitch is longer than that of non-CPM sections, are introduced at the quarter, half and three quarters' positions of the cavity respectively. Since the grating pitches are usually on the order of 200 nm and the relative pitch difference between the CPM section and non-CPM section is as small as less than 3:4 Â 10 À3 (see [8] ), complicated and expensive manufacturing methods of waveguide grating is required. While in REC-MCPM structure, conventional holographic lithography combined with standard micrometer-level photolithography can be employed to define sampling profiles, since the sampling periods are usually on the order of several micrometers, and the seed grating is uniform. By employing sampling functions with different sampling periods in the CPM sections, distributed phase shifts are thus obtained.
Based on the Fourier analysis, the refractive index modulation of a sampled Bragg grating can be expressed as
Here, n eff ðzÞ is the average effective refractive index modulation, v ðzÞ is the fringe visibility that also acts as the apodization function, m is the order of the Fourier components, and F m is the mth order Fourier coefficient. ðzÞ is the chirped modulation realized by sampled grating. Ã m is the grating pitch of mth order sub-grating, which can be expressed as
where Ã seed-grating is the seed grating pitch and P is the sampling period. Equation (2) shows Ã m is jointly determined by P and Ã seed-grating . From (2), one can see that it is possible to equivalently realize different grating with distinct grating pitch in the +1st order by choosing different sampling period P, even if seed grating pitch Ã seed-grating keeps constant. The Bragg wavelength of the 0th order sub-grating can be designed such that the wavelength position is located outside of the material gain region and the +1st order sub-grating is located within gain region for lasing.
To acquire an equivalent distributed phase shift É, we should design the sampling period according to the following equation:
where P non-CPM is the sampling period out of CPM section, P CPM is the sampling period within CPM section, and D s is the length of the single CPM section. Properties of REC-MCPM structures can be similar to those of the conventional MCPM provided the parameters are carefully chosen.
To demonstrate that the proposed REC-MCPM structure has the same spectral characteristics as that for a regular MCPM grating structure, we calculate the transmission spectral responses for both structures based on the transmission matrix method (TMM) [13] , [14] . Table 1 lists the simulation parameters for the REC three-CPM DFB laser. Here, we briefly explain the coupling coefficient of such an equivalent MCPM grating. Based on the Fourier analysis, the coupling coefficient of mth sub-grating m in a sampled Bragg grating can be expressed as [15] , [16] The REC-MCPM grating is a structure of sampled Bragg grating, where the seed grating pitch ðÃ seed-grating Þ is uniform along the entire grating, but the sampling period in the CPM section ðP CPM Þ is longer than that in non-CPM section ðP non-CPM Þ.
where 0 is the coupling coefficient of uniform seed grating, and is the duty cycle of the sampling structure. Hence, different can lead to different AE1 in AE1st sub-grating. In order to obtain the largest value of AE1 , ¼ 0:5 is used in this work.
For the regular three-CPM structure, the cavity length L is 400 m, the total length of CPM regions is 200 m, the grating pitch of CPM regions is 202.1 nm, the grating pitch of non-CPM regions is 202.0 nm, and the average effective refractive index is 3.2425. It should be noted that the grating pitches of regular three-CPM structure are chosen different from that of REC three-CPM structure, which is carefully designed to compare their spectral characteristics in the same spectral range, because it is the +1st order sub-grating of REC three-CPM structure that is used for lasing while the 0th order sub-grating for regular three-CPM. The simulation results are plotted in Fig. 2 . As can be seen, the REC three-CPM grating has the same transmission spectrum within the target band as that of the regular three-CPM grating. Most importantly, for the conventional three-CPM structure, the difference of grating pitches between CPM section and non-CPM section is 0.1 nm (202.1 nm minus 202.0 nm), while for REC three-CPM structure, the difference of sampling periods between CPM section and non-CPM section increases up to 0.1 m (4.78 m minus 4.68 m). So, the accuracy requirements for the realization of REC-MCPM structure is significantly relaxed. It should be noted that the asymmetry of the gap mode indicates a tradeoff should be made between the side-mode suppression ratio (SMSR) and the reduction of SHB effect [17] . 
Numerical Simulation of REC-MCPM DFB Semiconductor Lasers
The static characteristics of the DFB lasers are simulated using the TMM method [13] , [14] . In the simulation of REC-MCPM DFB lasers, the total length of the CPM sections is fixed to be D, and the lengths of CPM1, CPM2 and CPM3 sections are D 1 , D 2 , and For comparison, a CPM DFB laser based on REC technology (REC-CPM) and a three phase shifts DFB laser based on REC technology (REC-3PS) are also analyzed. For the REC-CPM structure, the total cavity length is 400 m, the CPM length is 200 m and the distributed phase shift is . For the REC-3PS structure, the total cavity length is also 400 m, all the three phase shifts are 2=3, which are located in the quarter, half and three quarters' positions of the cavity respectively. Fig. 4(a) represents the power-injection current (P-I) performances of the three lasers at 1310-nm band. The threshold currents of the three types of lasers are almost identical, which is about 11 mA. The REC-MCPM DFB laser exhibits better performance in slope efficiency than the other two types of lasers, which is about 0.21 W/A. The simulated lasing spectra of the three lasers at the injection current of 60 mA are shown in Fig. 4(b) based on the model in [18] , from which one can see the REC-MCPM DFB laser shows equally good SMSR performance to that of the other two types of lasers. Fig. 5(a) shows the normalized optical intensity distribution of the three lasers being investigated. The results show that REC-MCPM DFB laser tends to have much flatter intensity distribution along the cavity than that for the other two types of lasers, which in turn will have stronger suppression to the SHB effect. The optical intensity distribution of the REC-MCPM DFB laser under different injection currents is also simulated, which is shown in Fig. 5(b) . Due to the stimulated emission, gradual increase of the optical intensity in the whole structure can be observed. However, good uniformity of the optical intensity distribution can be maintained with the increase of injection current.
From [19] and [20] , the flatness factor can be expressed as
PðzÞ is the normalized optical intensity at the position of z along the cavity, and L is the length of the cavity. P denotes the average normalized optical intensity of the laser. From the definition in (5), one can see the more uniform the optical intensity distribution, the smaller the flatness factor, and the flatness factor becomes zero when the distribution is completely uniform. Fig. 5(c) shows the flatness factor versus injection current (F-I) performance of the three types of DFB lasers. As expected, the REC-MCPM DFB laser has the lowest value of flatness factor.
The effect of SHB on the laser performance with different injection current levels is also assessed. The gain margins under different injection currents are shown in Fig. 5(d) . The gain margin is defined as the difference between the net gain of the main mode and that of the first side mode [21] . As can be seen, the REC-MCPM laser shows better mode selectivity compared with the other two types of lasers, which is an indication of stronger SLM stability under high injection current.
Experimental Results
The REC-MCPM DFB semiconductor laser was grown by a conventional two-stage lowerpressure metal-organic vapor phase epitaxy (MOVPE). The active region is composed of InGaAsP multiple-quantum-well (MQW). The uniform seeding grating was formed by conventional Fig. 6(a) . The laser was tested under CW operation and a thermoelectric cooler (TEC) was used to control the temperature. The P-I characteristics of the laser at different ambient temperatures are shown in Fig. 6(b) . The threshold current of the laser is 11 mA at 25 C and the slope efficiency is about 0.2 W/A. When the temperature rises to 45 C, the threshold current increases to 15 mA and the slope efficiency decreases to about 0.12 W/A.
The SLM performance of the fabricated REC-MCPM semiconductor laser under different injection current levels was evaluated. Fig. 7(a) shows the spectra of the REC-MCPM laser under the injection current of 20 mA at room temperature (25 C), whose SMSR reaches 42.5 dB. It should be noted that periodic side-modes can been observed, which can be enhanced by increasing the injection current to 300 mA [shown in Fig. 7(b) ]. Such a strongly periodic modal structure is attributed to the Fabry-Perot mode that is induced by the imperfection of AR coatings of both facets ($1%). This judgment is also confirmed by the fact that the mode spacing, which is about 0.6 nm, is in good agreement with the 400 m-long Fabry-Perot cavity length.
From Fig. 7(b) , however, we can find the laser still exhibits good SLM operation with SMSR being about 46.8 dB. The spectra of the REC-MCPM laser under the injection current ranging from 20 mA to 300 mA at room temperature are also shown in Fig. 8(a) , from which one can see that very stable SLM operation is maintained. From the measured results, the lasing wavelengths and SMSRs under different injection current can be extracted and are plotted in Fig. 8(b) . As can be seen, the lasing wavelengths shift to longer wavelengths when the injection current increases. The dominating mechanism is attributed to the thermal effect, which is similar to what has been observed in [15] . Although the SMSRs begin to decline when the injection current is larger than 150 mA, good SMSR performance (> 42 dB) is obtained for entire current range from 20 mA to 300 mA. Such a good SLM performance under high injection current is directly associated to the reduction in the SHB effect.
The lasing characteristics at different ambient temperatures were also tested. Fig. 9 shows the spectra of the REC-MCPM laser under 200 mA at ambient temperatures of 25 C, 35 C, 45 C, and 55 C respectively. It can be seen stable SLM operation with SMSRs > 45 dB is maintained.
Conclusion
An MCPM grating DFB semiconductor laser has been experimentally demonstrated for the first time based on the REC technology. The REC-MCPM grating structure has the same spectral characteristics as the for a conventional MCPM grating, its fabrication process however, is significantly simplified, because conventional holographic lithography combined with m-level photolithography can be employed. The simulation results reveal the advantages of the REC-MCPM laser in suppressing the SHB effect over the lasers using the other two methods, i.e., CPM and 3PS. The experimental results has confirmed that such an REC-MCPM semiconductor laser can indeed produce superior SLM performance with large injection current range due to the reduction in SHB effect. Therefore, the proposed method offers a practical and low-cost method for the realization of DFB semiconductor lasers with highly stable SLM performance. 
